The recent integration of light-sheet microscopy and tissue-clearing has facilitated an 17 important alternative to conventional histological imaging approaches. However, the in 18 toto cellular mapping of neural circuits throughout an intact mouse brain remains highly 19 challenging, requiring complicated mechanical stitching, and suffering from 20 anisotropic resolution insufficient for high-quality reconstruction in three dimensions. 21 Here, we propose the use of a multi-angle-resolved subvoxel selective plane 22 illumination microscope (Mars-SPIM) to achieve high-throughput imaging of whole 23 mouse brain at isotropic cellular resolution. This light-sheet imaging technique can 24 computationally improve the spatial resolution over six times under a large field of view, 25 eliminating the use of slow tile stitching. Furthermore, it can recover complete 26 structural information of the sample from images subject to thick-tissue 27 scattering/attenuation. With Mars-SPIM, we can readily obtain a digital atlas of a 28 cleared whole mouse brain (~7 × 9.5 × 5 mm) with an isotropic resolution of ~2 μm (1 29 μm voxel) and a short acquisition time of 30 minutes. It provides an efficient way to 30 implement system-level cellular analysis, such as the mapping of different neuron 31 populations and tracing of long-distance neural projections over the entire brain. Mars-32 SPIM is thus well suited for high-throughput cell-profiling phenotyping of the brain 33 and other mammalian organs. 34 35 42
Introduction 36
The comprehensive understanding of complex cellular connections in the whole 37 mammalian brain is one of the fundamental challenges in neuroscience. To unravel the 38 various neuronal profiles of different physiological functions in the whole brain, three-39 dimensional (3-D) high-resolution imaging is required over a mesoscale sized volume 1,2 . 40 However, creating such a large-scale brain dataset has posed a big challenge for current 41 3-D optical microscopy methods, all of which show relatively small optical sequential two-photon (STP) microscopy can three-dimensionally image the brain at sample was translated at a non-axial step-size of 280 nm (4 × 4 ×2 enhancement) and 136 rotated 45 degrees for each new view. Eight different view image stacks were rapidly 137 recorded in a total time of around 20 minutes. The raw image volume of each view was 138 acquired at the limited resolution of the system optics, and hence the densely-packed 139 neuronal fibers remained unresolvable (Figure 2a ). The SVR procedure for each view 140 was then started with an initial guess, which was simply a ×4 interpolation of one of 141 the subdivided LR groups, and the process iteratively converged to the HR solution 142 (data not shown). Then, in the multi-view registration step, the neuronal cell bodies 143 were recognized as features to establish correspondences, instead of the beads. This 144 cell-based registration was verified to be as accurate as the bead-based one 145 ( Supplementary Figures S5 and 6 ), while at the same time producing a cleaner 146 visualization (Supplementary Videos 1 and 2). Figure 2c Figure 2g ). With the substantially enhanced isotropic resolution, two giant pyramidal 155 neurons could be finely segmented across a large volume (~400 gigavoxels for the 156 entire sample), as shown by the blue and red colors in Figure 2f and g. We note that besides the increased space-bandwidth product (SBP; volume size divided by 158 resolution) 4,5 , the Mars-SPIM also shows an improvement in the signal-to-noise ratio 159 (SNR), which can help to discern weak signals from the strong background signal of 160 thick tissue ( Supplementary Figure 7 ). Furthermore, we tested different numbers of 161 views to verify that eight views formed a good balance between the data size/throughput 162 and performance ( Supplementary Figure 8 ). Mars-SPIM can thus be considered as a 163 light-sheet microscope that is less vulnerable to spherical aberration and light scattering 164 in thick tissue, and combines a large FOV with high-resolution advantages that are 165 difficult to achieve with previous methods. From another perspective, the stitching-free 166 continuously-scanning mode exhibits a higher acquisition throughput than other 167 stitching-based methods, as well as lower photobleaching. In Figure 2h sheet setup and fast GPU-based computation to address the general challenge of high-178 throughput high-resolution 3-D microscopy that was originally coupled to the physical limitations of a system's optics. In the following whole-brain applications, this 180 underlying robustness allows the Mars-SPIM prototype to image the entire thick organ 181 with high spatial-temporal performance while maintaining a simple set-up.
183
High-throughput, in toto imaging of whole mouse brain at high resolution 184 An 8-week-old whole mouse brain (Tg: thy1-GFP-M) was optically cleared using the 
Whole-brain visualization and segmentation 217
Using the Mars-SPIM reconstruction of the whole brain (8-week-old mouse), we 218 explored the neuronal cyto-structures in various brain sub-regions, and precisely traced 219 the interregional long-distance projections of neurons which is crucial for 220 understanding the functionality of the brain (Figure 5 , Supplementary Videos 3, 4 and 221 5). After the Mars-SPIM reconstruction of the whole brain, we used an adaptive 222 registration method 43-45 to three-dimensionally map the brain to the standard Allen Brain Atlas (ABA). The brain was first re-orientated from horizontal view to coronal 224 view and automatically pre-aligned to the ABA using Elastix 43 . This pre-aligned brain 225 was then resized into LR and HR groups, as shown in Figure 5a step 2. Next, we finely 226 registered the LR group to the ABA, and obtained the transform correspondence (step 227 3), which was then applied to the HR group to obtain a registered and transformed HR 228 brain (step 4). This mapped brain atlas was finally visualized in Imaris to facilitate the 229 neuron analysis (Figure 5a ).
230
With the creation of the atlas, the neurons localized to different encephalic regions 231 (such as cortex, hippocampus, cerebellum and midbrain) could be identified ( Figure   232 5b), and in toto mapped out at a whole-brain scale (Figure 5c ). Then, the neuron 233 population and the density in different encephalic regions were quantified by 234 calculating the volume of the regions and counting the identified cell bodies within 235 them ( Figure 5d ). The results show that among the 12 primary regions, the hippocampus 236 formation had the highest neuron density of 4600 cells/mm 3 , which is consistent with 237 prior knowledge 46 . It should be noted that the current low-number counting results were 238 obtained using a thy1-GFP-M transgenic mouse, in which GFP signal is expressed by 239 less than 10% of all motor axons, retinal ganglion cells, lumbar dorsal root ganglions, 240 and cortex 47 . According to the registered HR images, we could trace the neuron 241 projections passing through different brain regions. The whole brain data were 242 volumetrically rendered with several sub-regions being segmented in different colors. annotated in the digital whole-brain, revealing how they were broadcast across the 246 different regions of the brain (Figure 5f ). Given the fact that this quantitative analysis 247 was implemented using a thy1-GFP-M mouse with a large number of neurons being 248 labeled, this procedure should be more efficient if the mouse brain were to be labelled 249 more specifically, such as with a virus tracer. Through the above mentioned 250 demonstration, we have shown the potential of our strategy for imaging-based 251 quantifications of the whole-brain, or other whole-organ-level analyses, which are 252 crucial for a variety of applications in histology, pathology, and neuroscience. 
Sample preparation 322
Tissue clearing is an essential procedure before imaging. Here we used a-uDISCO 323 method to clear the brains of 8-weeks thy1-GFP mice (line M, Jackson Laboratory).
324
In the brain block experiment, to preserve the fluorescence and avoid photobleaching, 325 the cleared brain was embedded into a specific formulated resin 48 , the refractive index 326 of which was equal to the index-matched immersion. For conducting bead-based 327 registration, fluorescent beads (Lumisphere, 1%w/v, 500 nm, SiO2) were mixed around 328 the sample in the resin. 10 μl of bead stock solution was centrifuged at 1200 rpm for 3 329 minutes with the water-phase supernatant being removed and replaced with 20 μl 330 methanol. Then the methanol-based bead solution was mixed into the resin to form 331 the bead-resin mixture, which was finally poured into a tube mold with the brain 332 specimen embedded. The tube containing beads, resin and sample was stored in a dark place for 2-3 days till it was solidified for LSFM imaging. For the cell body-based 334 registration of brain block, the sample was directly embedded in the resin without the 335 procedure of mixing bead. For whole brain imaging, the brain was dissected with 336 keeping an ~5 mm long spinal cord (Figure 3a) . After optical clearing, the sample could 337 be mounted to the stage via connecting the harden spinal cord with the beam shaft of 338 the rotating motor (Figure 3a) . which recovers the accurate shape of the sample. In practice, the SVR algorithm was 362 applied in parallel to quickly obtain resolution-enhanced results for all the views.
363
After SVR processing for each view, the resolution-enhanced results were regarded as 364 input for multi-view reconstruction in Fiji program. Similar with the bead-based 365 registration method 36 , here the neuron cell bodies were recognized as fiducial makers 366 to establish the correspondences between each two views. Then all the SVR views 367 could be precisely registered using these correspondences. A multi-view Bayesian The confocal images are taken by Olympus FV3000 under 10× objective, with a voxel 380 size of 0.8 × 0.8 × 2 μm at 0.5 Hz (Supplementary figure 9, 10 and 11) . The whole brain 381 images taken by commercial light-sheet microscope (UltraMicroscope, LaVision 382 BioTec) are acquired at 1.6× and 8× magnification, which take about 20 minutes and 383 450 minutes, respectively (Supplementary figure 14) . The synchronization of scanning and acquisition was accomplished by LabVIEW 387 (National Instruments). The SVR processing was implemented by customized code and 388 computed with CUDA acceleration. The multi-view registration was processed in Fiji.
389
The planar x-z planes of PSFs were performed using ImageJ. The 3-D rendering of work flow of SVR-MVD procedure which can in toto reconstruct the whole brain at isotropically 531 enhanced resolution. It majorly includes: first, the SVR computation for multi-view, sub-voxel-532 scanned raw images; second, feature-based registration of SVR-processed images; and third, a 533
Bayesian-based deconvolution that generates the final output based on multi-view SVR images. 3D reconstruction of cleared whole mouse brain. With obtaining optically cleared brain for light-564 sheet imaging, our Mars-SPIM system rapidly provides 3D visualization of entire brain via SVR-565 MVD reconstruction (400 gigavoxels). Under each view, the sample is imaged using 2.2× 566 magnification plus ~25 μm laser-sheet. The sub-voxel scanning step size is ~1 μm. The final result 567 is recovered from raw images of eight views, with reconstructed isotropic voxel size of 1 by 1 by 1 568 μm. The imaging throughput here is ~30 minutes per whole brain, and the post-processing time is 569 ~12 hours with employing quad NVIDIA graphical cards. 
